lism, remains to be clarified.
. This is unlikely to be due merely to geometric constraints conferred by searches of the complete C. elegans genome sequence did not reveal any other TACC domain-containing the eggshell, as the spindle can elongate in other cases when the spindle sets up transverse to the AP axis (e.g., protein.
Taken together, these findings establish that TAC-1 [17] ). Astral microtubule arrays are also dramatically reduced in tac-1(RNAi) embryos (compare, for instance, consists essentially of a TACC domain and is the sole TACC protein in C. elegans.
Figures 3C and 3E). As anticipated from such defects, the first cleavage is aberrant, and tac-1(RNAi) results in fully penetrant embryonic lethality. We conclude that tac-1 Is Required for Pronuclear Migration and Spindle Elongation tac-1 is required for pronuclear migration and spindle elongation in one-cell-stage C. elegans embryos. We investigated the consequence of inactivating tac-1 by using dual DIC and fluorescence time-lapse microscopy of one-cell-stage embryos expressing GFP-FRAP-Based Assay Reveals that tac-1 Promotes Microtubule Assembly ␤-tubulin (GFP-TUB) and GFP-histone2B (GFP-HIS) to simultaneously follow centrosomes and chromosomes.
We next sought to assay the requirement of TAC-1 for microtubule assembly in real time. To this end, we deIn wild-type (Figure 2A and Movie 1 in the Supplemental Data), the female and male pronuclei become visible signed a fluorescence recovery after photobleaching (FRAP)-based assay to measure the overall assembly shortly after the completion of meiosis. The female pronucleus is located at the anterior, and the male pronurate of a population of microtubules by using GFP-TUB transgenic embryos. We photobleached a ‫4-3ف‬ m cleus and associated centrosomes are located at the posterior ( Figure 2A , 00:00). Pronuclear migration ensquare centered on one of the asters in late prometaphase/early metaphase of wild-type and tac-1(RNAi) sues. After meeting in the posterior of the embryo ( Figure  2A , 02:00), the pronuclei and associated centrosomes one-cell-stage embryos. We used time-lapse confocal microscopy to assay subsequent fluorescence recovery move to the cell center while undergoing a 90Њ rotation. As a result, the bipolar spindle assembles in the cell in two areas: a disc ‫2ف‬ m in diameter corresponding to the centrosome and the square corresponding to the surements. As illustrated in Figure 2D , these measurements showed that the initial recovery of fluorescence bleached area ( Figure 2C) . We substracted the values obtained in the circle from those obtained in the square occurs at a rate of 4.2% Ϯ 0.02% per second in wildtype, compared to 2.4% Ϯ 0.2% per second in tacto limit the impact of microtubule nucleation on the mea- 
1(RNAi) embryos (see the Experimental Procedures).
cell-stage embryos during prophase ( Figure 3B) ; the intensity of this centrosomal signal increases further These findings establish that tac-1 promotes overall microtubule assembly in living C. elegans embryos. throughout mitosis, and culminates in anaphase (Figures 3C and 3D ). During metaphase, TAC-1 is also weakly enriched on the spindle, particularly in the vicin-TAC-1 Distribution We next sought to determine the subcellular distribution ity of chromosomes ( Figure 3C, arrow) . This finding is consistent with the notion that TAC-1 may be enriched of TAC-1. Using affinity-purified antibodies, we found that TAC-1 is slightly enriched at spindle poles during at the plus end of microtubules. In addition, we found that TAC-1 is present in the cytoplasm of early embryos the meiotic division ( Figure 3A) . We observed a more significant enrichment of TAC-1 at centrosomes in onethroughout the cell cycle ( Figures 3A-3D ). Both centro-somal and cytoplasmic signals are essentially absent in for embryos during metaphase, while recovery is much less pronounced for embryos during anaphase (data not tac-1(RNAi) embryos ( Figure 3E) ; the absence of these signals confirms that they correspond to bona fide shown). We conclude that TAC-1 at centrosomes can rapidly exchange with the cytoplasmic protein pool. TAC-1 distribution.
We then investigated the mechanisms of TAC-1 recruitment to centrosomes. We first tested whether TAC-1 Physically Interacts with ZYG-9 centrosomal localization is mediated by the minus endboth In Vitro and In Vivo directed motor cytoplasmic dynein [18] . However, we
The tac-1(RNAi) phenotype is indistinguishable from found that TAC-1 distribution is not affected in embryos that of zyg-9 mutant embryos, and TAC-1, like ZYG-9, is in which the dynein heavy chain dhc-1 has been inactipresent in the cytoplasm and is enriched at centrosomes vated by RNAi ( Figure 3F ). We found the same to be true [14] . We used a GST pull-down assay to directly probe not required for either the recruitment, the maintenance, the interaction between TAC-1 and ZYG-9. As shown in or the cell cycle-dependent increase of centrosomal Figure 5A , we found that GST-TAC-1, but not GST alone, TAC-1. Taken together, these findings establish that efficiently retains in vitro-translated ZYG-9. We used the TAC-1 is a core component of centrosomes in C.
GST pull-down assay to map the domains within ZYG-9 elegans.
that mediate interaction with TAC-1, and we found them We next tested which other centrosomal components to lie within three segments (amino acids 654-937, 908-may control TAC-1 distribution. We first investigated 1167, and 1162-1415) located in the C-terminal half of embryos lacking the function of spd-5, which encodes the protein ( Figure 5B ). We found that TAC-1 and fraga coiled-coil protein required for an initial step in centroments of ZYG-9 also bind to each other in yeast twosome maturation [19] . In spd-5(or213) mutant embryos, hybrid screens (data not shown); these data confirm that no functional centrosome is assembled and microtu-TAC-1 and ZYG-9 can physically interact. bules are organized instead around chromosomes. As
We next aimed at determining if TAC-1 and ZYG-9 expected, we found that TAC-1 is no longer enriched in also associate in C. elegans embryos. To this end, we discrete subcellular locations in spd-5(or213) mutant performed immunoprecipitation (Ip) experiments from embryos ( Figure 3I ). We then tested whether centrosoembryonic extracts by using antibodies against TAC-1, mal TAC-1 is affected in embryos lacking the function ZYG-9, or GFP as a negative control, followed by Westof ␥-tubulin or of the Aurora-A kinase AIR-1, which are ern blot analysis of the resulting immunocomplexes. As both required for a later step in centrosome maturation shown in Figure 5C , we found that TAC-1 and ZYG-9 [20-22]. We observed that centrosomal accumulation of are efficiently immunoprecipitated from the extract by TAC-1 was markedly diminished in tbg-1(t1465) mutant their own antibodies. We found, in addition, that subembryos ( Figure 3J) , and even more so in air-1(RNAi) stantial amounts of TAC-1 are coimmunoprecipitated by embryos ( Figure 3K ). This finding indicates that ␥-tubulin anti-ZYG-9 antibodies and, conversely, that substantial and AIR-1 are both required for efficient recruitment amounts of ZYG-9 are coimmunoprecipitated by antiand/or maintenance of TAC-1 at centrosomes.
TAC-1 antibodies ( Figure 5C ). Because ZYG-9 is a MAP, we tested whether the interaction between TAC-1 and ZYG-9 is mediated by microtubules. However, we found
TAC-1 Dynamics in Living Embryos
We generated a transgenic line expressing a fusion prothat ␣-tubulin is not detected in these immunocomplexes ( Figure 5C ); this indicates that the two proteins tein between GFP and TAC-1 to analyze distribution dynamics in living embryos. Time-lapse spinning-disc do not associate in vivo through a microtubule interface. Taken together, these findings demonstrate that TAC-1 confocal microscopy demonstrates that GFP-TAC-1 is distributed in a manner essentially indistinguishable and ZYG-9 associate in C. elegans embryos. To estimate the fractions of TAC-1 and ZYG-9 that from endogenous TAC-1, as detected by our antibody (Movie 3 in the Supplemental Data).
participate in the TAC-1/ZYG-9 complex in vivo, we analyzed the fraction of each protein remaining in the extract To determine the dynamics of TAC-1 recruitment to centrosomes, we performed FRAP experiments with after Ip. Quantification of the gel shown in Figure 5D indicates that Ip with the anti-ZYG-9 antibodies depleted GFP-TAC-1 transgenic embryos. We photobleached one centrosome in one-cell-stage embryos during prothe extract of ‫%001ف‬ of ZYG-9 and ‫%07ف‬ of TAC-1. Conversely, Ip with the anti-TAC-1 antibodies depleted phase and assayed subsequent fluorescence recovery by using four-dimensional confocal microscopy (Experithe extract of ‫%07ف‬ of TAC-1 and ‫%09ف‬ of ZYG-9 ( Figure 5D ). While a more complete analysis must be mental Procedures). Strikingly, we found that the GFP signal at the centrosome recovers very rapidly (Figures performed to precisely quantify the fraction of each protein present in the complex, these initial rough estimates 4A and 4B; t 1/2 Ϸ 25 s). Moreover, the bulk of the signal recovers, indicating that the vast majority of centrososuggest that, in vivo, ‫%07ف‬ of TAC-1 is associated with ZYG-9 and ‫%09ف‬ of ZYG-9 is associated with TAC-1. mal TAC-1 is mobile ( Figure 4B ). We found similar results 
TAC-1 and ZYG-9 Stabilize Each Other in C.
the centrosomal recruitment of ZYG-9. We observed that ZYG-9 distribution at centrosomes is markedly reelegans Embryos We next investigated the mutual relationship of TAC-1 duced in the vast majority of tac-1(RNAi) embryos as compared to wild-type ( Figures 6A and 6B) . Unexpectand ZYG-9. We first determined if tac-1 is involved in Figure 6E ). An identical conclusion was reached from immunostaining of zyg-9(b244) and zygriched on centrosomes and functions to promote microtubule assembly. Therefore, the TACC domain alone is 9(b279) mutant embryos ( Figure S2B in the Supplemental Data). Taken together, these observations establish sufficient not only for centrosomal targeting, but can also be sufficient for function. It is possible that a comthat TAC-1 and ZYG-9 stabilize each other in C. elegans embryos. This is unlikely to reflect a general mechanism mon family ancestor also consisted essentially of a TACC domain, with protein-specific N-terminal domains controlling centrosomal components since neither the centrosomal localization nor the overall protein level of having been added subsequently in other species. Overall, TAC-1 represents a structural and functional core ␥-tubulin is affected by inactivation of tac-1 or zyg-9 (data not shown).
whose analysis is expected to yield unique insights into the function of all TACC proteins. In the process of examining ZYG-9 distribution in tac-1(RNAi) embryos, we noticed rare embryos that exhibit diminished levels of ZYG-9 in the cytoplasm, but a signal
Centrosomal TAC-1 Rapidly Exchanges with a Cytoplasmic Pool at centrosomes indistinguishable from wild-type (compare Figures 6F and 6G). Such rare embryos have experi-
While TACC proteins are enriched at centrosomes, all three human TACC proteins as well as D-TACC are also enced incomplete tac-1 inactivation (see Figure 6G , TAC-1 panel), yet they have set up a spindle orthogonal clearly present in the cytoplasm [25] . Similarly, a substantial fraction of TAC-1 is cytoplasmic in early C. eleto the AP axis, indicative of a strong phenotype (compare Figure 6G with Figure 3E ). These observations indigans embryos. In Drosophila, FRAP experiments have led to the conclusion that centrosomal D-TACC cycles cate that cytoplasmic ZYG-9 is most sensitive to the absence of tac-1 function. Moreover, they suggest that relatively slowly (t 1/2 Ϸ 2 min) [26] . However, these experiments were conducted by bleaching large areas that having normal amounts of ZYG-9 at centrosomes is not sufficient for proper modulation of microtubule dynamcontain several centrosomes and surrounding cytoplasm; thus, the exchange rate between centrosomal ics in early C. elegans embryos. and cytoplasmic pools was not directly assessed. In contrast, we tested specifically the dynamics of We observed that TAC-1 distribution at centrosomes plasm, as shown both by immunofluorescence and Western blot analysis. Therefore, tac-1 and zyg-9 stabiis not affected by the absence of microtubules, indicating that microtubules do not modulate the kinetics of lize each other in C. elegans, and it will be interesting to test whether a similar situation holds for Drosophila binding or the release of TAC-1 from centrosomes. What, then, regulates this rapid exchange? One possibilwhen msps is inactivated in full. The discovery of this mutual stabilization mechanism ity is suggested by the observation that centrosomal TAC-1 is markedly diminished in embryos lacking the has important implications for the interpretation of the consequences of inactivating either component. For infunction of ␥-tubulin and the Aurora-A kinase AIR-1. Drosophila Aurora-A kinase associates with and phosstance, our findings establishing that embryos lacking tac-1 function have defects in microtubule assembly phorylates D-TACC and is also required for its centrosomal enrichment [27] . Because Aurora-A kinase also asmust be revisited and understood as a combined loss of tac-1 and zyg-9 function. Compatible with this view, sociates with Hs-TACC3 [27] , it is probable that phosphorylation targets residues within the TACC dowe observed similar defects in microtubule assembly by using our FRAP-based assay after zyg-9 inactivation main that are likely to be conserved in TAC-1. One intriguing possibility is that Aurora-A kinase and ␥-tubulin (unpublished data). The molecular basis for the mutual stabilization is not known at present, although regulation regulate centrosomal TACC protein distribution by modifying their rate of exchange with the cytoplasmic pool at the level of protein stability seems most plausible given the tight interaction between TAC-1 and ZYG-9. during centrosome maturation.
A Function for the TAC-1/ZYG-9 Complex TAC-1 and ZYG-9 Form a Complex in the Cytoplasm? TACC proteins interact with members of the evolutionAlthough TACC proteins have been thought of as acting arily conserved XMAP215 family of MAPs. Thus, at centrosomes, our findings raise a distinct possibility.
D-TACC interacts with Msps, while Hs-TACC1 interacts
Unexpectedly, we found that rare tac-1(RNAi) embryos with ch-TOG [12, 28]. However, the domains within these that exhibit a phenotype have diminished levels of protein pairs that mediate binding have yet to be de-ZYG-9 in the cytoplasm, but not at centrosomes. This fined. In C. elegans, we found that TAC-1 efficiently finding indicates that normal amounts of centrosomal binds ZYG-9, both in vitro and in vivo. Because TAC-1 ZYG-9 are not sufficient for proper cell division. At least essentially contains a TACC domain, it is likely that this two possibilities could explain this observation. First, is the protein region that mediates binding to XMAP215 ZYG-9 may indeed be active at centrosomes but may family members across evolution. Reciprocally, we idenrequire another function of tac-1 that is distinct from tified at least three regions within the C-terminal half of that required for stabilization. For instance, TAC-1 could ZYG-9 that can mediate binding to TAC-1. Although this be needed for recruiting a putative positive regulator of part of ZYG-9 is poorly conserved, we note that the ZYG-9. A second possibility is that ZYG-9 may be active C-terminal half of ch-TOG mediates interaction with Hsprimarily in the cytoplasm, where it would be ideally TACC1 [28] , while that of XMAP215 directs centrosomal located to regulate microtubule plus end dynamics targeting [29] . These findings suggest that it may also throughout the cell. Careful analysis of the regulation mediate binding to Maskin.
of the TAC-1/ZYG-9 complex will help to distinguish Our findings indicate that the bulk of TAC-1 and ZYG-9 between these hypotheses and enhance our underis present in a complex in C. elegans embryos. In con 
